The S allele of the functional 5-HTTLPR polymorphism has previously been associated with reductions in memory function. Given the change in function of the serotonergic system in older adults, and the functional consequences of memory decline in this age group, further investigation into the impact of 5-HTTLPR in healthy older adults is required. This investigation examined the effect of 5-HTTLPR variants (S carriers versus L/L homozygotes) on verbal and visual episodic memory in 438 healthy older adults participating in the Tasmanian Healthy Brain Project (age range 50-79 years, M = 60.35, s.d. = 6.75). Direct effects of 5-HTTLPR on memory processes, in addition to indirect effects through interaction with age and gender, were assessed. Although no direct effects of 5-HTTLPR on memory processes were identified, our results indicated that gender significantly moderated the impact that 5-HTTLPR variants exerted on the relationship between age and verbal episodic memory function as assessed by the Rey Auditory Verbal Learning Test. No significant direct or indirect effects were identified in relation to visual memory performance. Overall, this investigation found evidence to suggest that 5-HTTLPR genotype affects the association of age and verbal episodic memory for males and females differently, with the predicted negative effect of S carriage present in males but not females. Such findings indicate a gender-dependent role for 5-HTTLPR in the verbal episodic memory system of healthy older adults.
INTRODUCTION
Serotonin is one of the primary neurotransmitters in the central nervous system that has a well-established association with cognitive function and performance. 1 In humans, disruption to the serotonin system can cause impairments to learning and memory function, with most robust effects found for verbal episodic memory. 2 In addition to reduced cortical thickness and brain matter integrity, normal ageing is associated with a decline in both central nervous system levels of serotonin 3 and memory function. 4 As ageing-related memory deficits can contribute to reduced quality of life, as well as often predict dementia onset and mortality, 5 further investigation of cognitive associations with serotonin function is warranted.
A key biological regulator of serotonin function is the serotonin transporter gene (5-HTT), which encodes a presynaptic membrane-bound protein responsible for the re-uptake of serotonin from the synaptic cleft. 6 A common polymorphism within the 5-HTT promoter region, serotonin transporter-linked polymorphic region (5-HTTLPR) is considered to influence the efficiency of serotonin re-uptake by the presynaptic 5-HTT. 7 This polymorphism results in two alleles that differ in length: short 'S' and long 'L', with the S allele associated with reduced transcription of 5-HTT, fewer 5-HTT sites, less binding potential and therefore potentially less modulation of serotonin at the synapse. 7, 8 A positron emission tomography study also linked higher verbal memory performance with greater 5-HTT availability in the prefrontal and parietal cortices of ecstasy users. 9 The S variant relative to the L variant of 5-HTTLPR has been associated with reduced grey matter in areas of the brain responsible for episodic memory, specifically in the hippocampus of rodents, 10 and healthy young 11 and older adults. 12, 13 In addition, the S variant has been associated with reduced neural activity in the prefrontal cortex of healthy older adults during a source memory monitoring task. 13 The S variant has also been associated with reduced performance on neuropsychological tests of visual episodic memory in healthy young adults, 11 and measures of delayed recall 14 and source memory monitoring 13 in healthy older adults. However, investigations have also reported null 15 or inverse 16 effects, whereby the authors reported that S carriers demonstrated increased performance on a working memory task in younger adults. Taken together, the literature is inconsistent surrounding the independent effect of variation in 5-HTTLPR on memory function.
The discrepancy in findings related to the cognitive implications of variation in 5-HTTLPR genotype may be partly accounted for by the modulating effects of demographic variables such as age and gender on gene function. In accordance with ageing-related changes in brain structure, such as reduced cortical thickness and matter integrity, S carriers show an increased vulnerability to reduced serotonin availability in the central nervous system as a result of tryptophan depletion; 17 in the case of declining serotonin availability as a consequence of advancing age, 3 it follows that S carriers may experience increasing memory deficits as a consequence of ageing. The genetic architecture and functioning of the serotonin system also appears to differ for males and females; for example, lower serotonin levels have been observed in females relative to males of similar ages, 20 and depletion of central nervous system serotonin levels via acute tryptophan depletion in females has been associated with impaired verbal short-term memory performance in young adults. 21 Evidence from younger adults indicates that S carriage is associated with reduced visual recall solely in females, with no influence of the polymorphism present in males. 11 Further elucidation of the potential interacting effects of age and gender with 5-HTTLPR genotype may provide greater insight into the possible predictive capacity of 5-HTTLPR genotype for accelerated ageing-related memory decline.
To explore the impact of serotonin on memory function in the ageing brain, the aim of the present study was to examine the effect of a functional polymorphism of the 5-HTT gene (5-HTTLPR) on visual and verbal episodic memory performance, either independently or through interaction with age and gender, in healthy older adults. We tested two hypotheses. First, that carriage of an S allele is associated with reduced episodic memory performance when compared with L homozygotes, overall. Second, that gender would moderate the effect of 5-HTTLPR genotype on the association of age and memory performance; specifically, that female S carriers show a greater detrimental influence of age on memory performance relative to female L homozygotes and males with either genotype.
MATERIALS AND METHODS Participants
The study sample consisted of 438 adults aged 50-79 years, who were predominately Caucasian. Participants were enrolled in the Tasmanian Healthy Brain Project (THBP), which is an ongoing longitudinal study examining the potential beneficial effects of later life tertiary education on cognitive reserve, age-related cognitive decline and dementia. 22 As part of the enrolment process, participants with conditions that may be independently associated with cognitive impairment were excluded from participation (dementia; multiple sclerosis; prior head injury requiring hospitalization; epilepsy; cerebrovascular complications including stroke, aneurysm, transient ischaemic attacks; poorly controlled diabetes; poorly controlled hypertension or hypotension; other neurological disorders, for example, cerebral palsy or spina bifida; chronic obstructive pulmonary disease; heart disease; partial or total blindness; deafness; current psychiatric diagnosis). Refer to Summers et al. 22 for full detail on screening measures. Ethics approval was obtained from the Tasmanian Social Sciences Human Research Ethic Committee and all the participants provided consent for use of their DNA.
Materials
Annual cognitive assessment is part of the THBP protocol to assess core cognitive domains-see Summers et al. 22 for full details of cognitive assessment battery and protocol. To ensure approximate match of genotype groups, information on age, gender, intelligence, previous years of education, depression and anxiety was collected, as these factors have been found to affect performance on the memory tests utilized in the current study. 23 Age, gender and years of prior education were collected during participants' baseline assessments through the use of a self-report medical health status questionnaire. The Hospital Anxiety and Depression Scale 24 was used to assess the presence of depression and anxiety symptoms. The Wechsler Test of Adult Reading 25 provided an estimate of premorbid full-scale intelligent quotient (IQ). Verbal episodic memory and learning was assessed using The Rey Auditory Verbal Learning Test (RAVLT 26 ). The RAVLT consists of a 15-item word-learning list that assesses verbal learning and recall across successive trials. Performance on the recall of the first RAVLT trial (Trial 1 recall), delayed recall (recalling list A after the presentation of an interference list) and performance over the five recall trials (RAVLT total) were included in the analyses. Visual episodic memory was assessed using the Paired Associates Learning (PAL 27 ) test. Specifically, the current study analysed the accuracy of visual learning performance by the mean number of errors made on the PAL six shapes trial. The Rey Complex Figure Test 26 was used to assess visual delayed recall. These memory measures have established reliability and validity for detecting memory impairment in older adults with Alzheimer's disease. 26, 28 Genotyping Extraction and purification of DNA was performed following standard methods using saliva samples collected from participants (DNA Genotek, Ottawa, ON, Canada, 2012). The 5-HTTLPR polymorphism was identified using an established polymerase chain reaction (PCR) method. 29 The PCR mixture contained the forward primer (stpr5, 5′-GGCGTTGCCGCTCTGAA TGC-3′) and reverse primer (stpr3, 5′-GAGGGACTGAGCTGGACAACCAC-3′), which yielded 484-bp (short) and 527-bp (long) fragments. Nine microlitres of the PCR mixture was added with 1 μl of DNA from the extracted and purified saliva sample in a 96-well plate. One well contained 1 μl of DEPC water in replacement of DNA, therefore acting as a no template control. After running samples through PCR, the products were separated using 3% agarose gel. All the samples were genotyped in duplicate to ensure accuracy.
Procedure
All neuropsychological tests were administered in standard conditions by a trained examiner, following THBP protocol. 22 Data analysis 5-HTTLPR genotype was analysed in two groups by combining S/S and S/L genotypes to represent S carriers, and compared against L homozygous genotypes. Before the main analyses, a series of one-way analyses of variance were conducted to examine differences between genotype × gender groups on screening and demographic variables (age, years of prior education, intelligence, Hospital Anxiety and Depression Scale anxiety score and Hospital Anxiety and Depression Scale depression score). A chi-square goodness-of-fit test was also conducted to confirm that genotype distribution aligned with the Hardy-Weinberg equilibrium. Raw scores for outcome measures, with the exception of the PAL test, which underwent a Log 10 transformation to approximate a normal distribution, were used in all analyses to enable the specific examination of age and gender as predictor variables. The primary analyses used model 3 of the PROCESS macro for SPSS (Chicago, IL, USA) 30 for moderatedmoderation analyses to assess whether gender and 5-HTTLPR genotype moderated the relationship between age and memory performance across visual and verbal domains of episodic memory ( Figure 1 ). PROCESS is a computational tool for path analysis-based moderation and mediation analysis that provides coefficient estimates for total, direct and indirect effects of variables using ordinary least squares regression. 30 Significant interaction effects identified by PROCESS were further examined using simple regression analyses to determine the extent to which the interaction contributed to the overall model. All analyses were conducted using SPSS v22 (IBM, Armonk, NY, USA) and an alpha value of 0.05.
RESULTS

Participants
The sample had a mean age of 60.35 years (s.d. = 6.75) and were predominantly female (68%). On average, the sample had a Table 1 . One-way analysis of variance revealed significant differences between experimental groups in years of prior education and Wechsler Test of Adult Reading est. IQ. Overall, L/L females had significantly fewer years of education than the other three experimental groups. For Wechsler Test of Adult Reading est. IQ, male S carriers performed significantly worse than the other three experimental groups. A chi-square goodness-of-fit analysis demonstrated the distribution of the 5-HTTLPR genotype (χ 2 (2, N = 438) = 0.01, P = 0.51) did not deviate significantly from the Hardy-Weinberg equilibrium, and aligned with frequencies observed for other Caucasian samples. 29, 30 Descriptive data for all outcome variables are presented in Table 2 .
Verbal episodic memory performance PROCESS model 3 was used to fit linear regression models to RAVLT outcome measures. With age entered as a predictor, 5-HTTLPR genotype and gender entered as moderators and total education (years) entered as a covariate, significant models were produced for all RAVLT outcome measures (Table 3) : Trial 1 recall (F (8,425) = 6.78, P o 0.001, R 2 = 0.09); delayed recall (F (8,426) = 5.76, P o0.001, R 2 = 0.11); RAVLT total (F (8,422) = 13.12, P o 0.001, R 2 = 0.19). No significant independent associations of 5-HTTLPR genotype and RAVLT outcome scores were found. Age and gender had significant negative associations with immediate and total recall scores (P o0.01), indicating that advancing age and male gender were associated with lower performance. No significant two-way interaction terms were found, however, inclusion of the three-way interaction (5-HTTLPR genotype × age × gender) significantly improved model fit for RAVLT total score (ΔR 2 = 0.008, P = 0.04). The three-way interaction term did not significantly improve model fit for Trial 1 recall. To determine the basis for the three-way interaction, a further moderation analysis was conducted for 5-HTTLPR on the association of age and RAVLT total score for males and females separately (Figure 2 ). For males, the 5-HTTLPR interaction term was a significant predictor of RAVLT total score (t (132) = 1.99, P = 0.048), indicating that male S carriers displayed a significantly stronger relationship between age and episodic memory performance than male L/L homozygotes. Here, an analysis of simple slopes revealed that, while the association of age and RAVLT total in male S carriers significantly differed from zero (β = − 0.55, 95% confidence interval, CI (−0.78, − 0.31), t = − 4.47, s.e. = 0.12, P o 0.001), male L/L did not show any significant relationship between the variables (β = − 0.06, 95% CI (−0.47, 0.34), t = − 0.31, s.e. = 0.21, P = 0.76). For females, the 5-HTTLPR interaction term did not significantly predict RAVLT total score (t (294) = − 1.34, P = 0.21), indicating that the association between age and RAVLT total score was similar for both female S carriers and female L/L homozygotes. The analysis of simple slopes reported that both female S carriers (β = − 0.27, 95% CI (−0.73, − 0.22), t = − 3.68, s.e. = 0.13, P o 0.001) and female L/L homozygotes (β = − 0.48, 95% CI (−0.42, − 0.11), t = − 3.36, s.e. = 0.08, P o0.001) displayed negative relationships between age and RAVLT total score that were statistically different from zero.
Visual episodic memory performance 5-HTTLPR genotype, age and gender were regressed on visual episodic memory measures (Table 4) , with significant models produced for both outcome variables: number of errors on PAL six shapes trial (F (8,429) = 5.35, P o0.001, R 2 = 0.10); RCFT delayed recall (F (8,428) = 6.79, Po 0.001, R 2 = 0.12). No significant independent associations of 5-HTTLPR genotype were found for PAL test performance or RCFT performance. Age and gender were significantly and positively associated with PAL errors (Po 0.01), indicating that advancing age and male gender were both independently associated with lower performance on the PAL test. Age and gender were both independently associated with RCFT Role of serotonin and gender in verbal learning in older adults A-R Imlach et al performance (P o 0.001); advancing age was associated with lower delayed recall performance, and male gender was associated with higher delayed recall performance. However, no interactions between predictors significantly contributed to the prediction of PAL error score or delayed recall on the RCFT.
DISCUSSION
The current study was designed to investigate whether 5-HTTLPR genotype variants (S carrier versus L/L homozygote) were directly associated with visual and verbal episodic memory performance in a well-screened sample of healthy older adults. We also screened for indirect effects of the genetic variation, by examining whether 5-HTTLPR influenced the association of age and memory function, either independently or in combination with gender. Our first hypothesis, that carriage of an S allele is associated with an overall reduction in episodic memory performance when compared with L homozygotes, was not supported. In this investigation, 5-HTTLPR genotype was not significantly associated with assessed memory domains. Our second hypothesis, that gender would moderate the effect of 5-HTTLPR genotype on the association of age and episodic memory performance, was partially supported. In this study, we found evidence to suggest that 5-HTTLPR genotype affects the association of age and verbal learning performance, a component of the episodic memory system, for males and females differently. Here, we found the predicted negative effect of S carriage present in males but not females. Overall, these findings suggest that a gender-dependent role exists for 5-HTTLPR in the verbal episodic memory system of healthy older adults. Although no direct influence of 5-HTTLPR genotype on episodic memory function was identified in the present study, the polymorphism showed a significant indirect association with verbal, but not visual, episodic memory function. This finding is partially consistent with the neuroanatomical dissociation of the verbal and visual system, 31 as well as tryptophan depletion studies that suggest disruptions to the serotonergic system negatively affect verbal episodic memory functions more robustly than visual memory functions. 2, 32 Findings are also consistent with MDMA research that shows blockage of uptake by 5-HTT results in impaired verbal memory performance. 33 Another investigation by Zilles et al. 34 found a selective effect of the 5-HTTLPR genotype on verbal working memory, but not visual memory performance, in a mixed sample of both healthy and psychiatric patients. In summary, our research adds further evidence that indicates a Younger/older participant groups were determined by mean age ± 1 s.d. *P o0.05 indicates a significant difference between group slopes. RAVLT, Rey Auditory Verbal Learning Test.
selective effect of the serotonergic system, mediated by 5-HTTLPR, on verbal memory performance. The main finding from the present investigation was a genderdependent influence of 5-HTTLPR polymorphism on the relationship between age and verbal learning. An analysis of simple slopes revealed that, for males, carriage of the S allele was associated with a stronger negative relationship between age and verbal memory function relative to L/L homozygotes. For males, each additional year of age was associated with a significant 0.53 point decrease in RAVLT total recall in S carriers, but a nonsignificant 0.11 point decrease in RAVLT total recall in L/L homozygotes. This effect is partially consistent with previous literature on healthy older adults, which has also reported associations of S carriage and reduced memory performance, specifically delayed recall on the RAVLT 14 and memory monitoring tasks. 13 Despite our results being consistent with these in regard to the S allele exerting a detrimental effect on function, the current findings differ in the memory domain that was affected by 5-HTTLPR. Furthermore, in our study, the effect of 5-HTTLPR was dependent on gender, with an influence of the polymorphism restricted to male participants. Similarly, but not confined to male gender, S carriage has been associated with deficits in verbal memory performance in individuals with experimentally reduced serotonergic system functioning (acute tryptophan depletion) 17 -a similar, but perhaps less severe, reduction to that which is observed with normal ageing. 3 In contrast to males, the present study reported that, for females, both L/L and S carrier genotypes were associated with similar negative relationships between age and verbal memory performance. Specifically, for females, each additional year of age was associated with a significant 0.47 point decrease in RAVLT total recall in L/L homozygotes, and a significant 0.27 point decrease in RAVLT total recall in S carriers; these associations, however, did not statistically differ from one another. Price et al.
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also investigated the cognitive correlates of variation in 5-HTTLPR. Here, the authors identified that female S carriers performed worse on the California Verbal Learning Test-second edition when compared with L homozygotes. However, the authors investigated 5-HTTLPR effects within a sample of young adults (aged 18-25 years) and, as such, an antagonistic pleiotropic effect may partially account for differences in results. Furthermore, the hormone oestrogen has been demonstrated to interact with, and act on, a variety of receptors, including serotonin receptors. 35 Oestrogen levels fluctuate across the female lifespan, with a marked decline in levels of the hormone occurring as a result of menopause. 36 As the current study examined a healthy cohort of older aged adults with a minimum age of 50 years, the majority of females in the sample would have been postmenopausal, and therefore have reduced and relatively stable levels of oestrogen compared with the younger females that comprised the sample of Price et al.
Consequently, it may be that a negative cognitive phenotype associated with the S allele in females occurs most commonly in younger ages, partly due to interactions with oestrogen.
Although other studies have reported that variation within the 5-HTTLPR polymorphism is directly associated with memory performance in older adults, 13, 14 our data have failed to find support for this effect. Rather, our analysis from multiple components of both visual and verbal domains of episodic memory suggest an indirect gender-dependent effect of 5-HTTLPR on learning as a specific component of verbal episodic memory. Within the current study sample size of 438, we had 80% power to detect 2.17% variance in cognitive function. With enough power to detect a small moderation effect in all memory measures examined, the current findings suggest a differential effect of 5-HTTLPR variants exclusively on verbal episodic learning.
Methodological limitations of the present study should be considered when interpreting our results. First, the cross-sectional design of the study limits the ability to assess developmental moderations of gender, age and 5-HTTLPR on memory performance. Specifically, such a design makes it difficult to determine whether age-related associations of gender, 5-HTTLPR and memory function represent ageing-related effects or are instead the result of cohort effects. Second, as the data set comprises primarily older adults participating in the intervention of tertiary education associated with the Tasmanian Healthy Brain Project, a self-selection bias may be present, whereby the sample comprises highly motivated and high-performing individuals. This limits the generalizability of our results to high-functioning individuals. Similarly, the generalizability is limited primarily to individuals of Caucasian ethnicity; due to identified frequency differences in allele distribution among different ethnic groups, 19, 37 it is important that this is examined in future studies as an additional moderator of the gender, 5-HTTLPR and age effect on neurocognition. Third, as is typical of candidate gene studies, 15, 38 the effect size for the 5-HTTLPR × age × gender interaction was small, but it is unlikely that a single genetic polymorphism would have a large Role of serotonin and gender in verbal learning in older adults A-R Imlach et al direct effect on cognitive phenotypes. Finally, the use of a replication cohort would be a significant strength to ensure that findings are not the result of methodological biases, but this was not feasible in the current study and should be considered an important limitation. Overall, research reliably reports that females tend to outperform males in tests of verbal memory. 39 As a result, females may possess an advantage in this cognitive domain even before accounting for the findings of the present study, whereby male gender confers an additional vulnerability of verbal memory performance to advancing age. Other demographic differences between gender and 5-HTTLPR genotype groups may also have affected the results of the present study to some extent. In our sample, male S carriers had significantly lower premorbid est. IQ relative to male L/L homozygotes and females, overall. As reported, this male S carrier group showed a unique detrimental effect of age on verbal learning; consequently, speculation regarding the influence of this difference on the main result is warranted. Typically, individuals with a higher est. IQ tend to score better on tests of memory function. 40 However, this is unlikely to account for the interaction of 5-HTTLPR and age that was observed in males. In this regard, although IQ has been demonstrated to modify risk of neuropathology-associated cognitive impairment, 41 it is unlikely to affect the rate of ageing-related memory decline in healthy individuals. 42 Accordingly, it is doubtful that the differences in est. IQ of experimental groups account for any of the observed variation in ageing-related memory performance.
The current results provide further evidence to suggest the S allele of the 5-HTTLPR genotype is disadvantageous. However, it may only lead to poorer neurocognitive outcomes in males, specifically for verbal learning abilities. These results, in combination with other findings on the cognitive consequences of genetic variations in single polymorphisms, may have useful implications for tailoring interventions that aim to reduce cognitive decline. This finding, in addition to other recent cross-sectional effects of COMT, APOE and BDNF on older adult cognition that have been reported in the Tasmanian Healthy Brain Project, 43, 44 will be followed up in future longitudinal analyses of ageing-related cognitive change. It is likely that, to observe a polymorphismrelated influence on adult cognitive function that is of a moderate effect size, concurrent consideration and analysis of multiple candidate gene variants is required.
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